For epigenetic phenotypes to be passed on from one generation to the next, it is required that epigenetic marks between generations are not cleared during the two stages of epigenetic reprogramming: mammalian gametogenesis and preimplantation development. The molecular nature of the chromatin marks involved in these events is unknown. Using the epigenetically inherited allele Axin1
INTRODUCTION
Epigenetic mechanisms control eukaryotic development beyond that achieved by DNA-stored information. Metastable epialleles are variably expressed in genetically identical individuals because of epigenetic modifications established during early development. These alleles seem to be particularly vulnerable to environmental factors and undergo molecular changes that, once established, persist throughout the individual's lifetime [1] . These changes are epigenetic, and in some cases they may even persist through meiosis and through preimplantational reprogramming across generations. This process is designated transgenerational epigenetic inheritance. The mouse axin 1 fused (Axin1 Fu ) allele, the expression of which correlates with its DNA methylation, is a metastable epiallele that may be used as an epigenetic biosensor of environmental factors affecting the fetal epigenome [2, 3] . The Axin1
Fu allele is an example of variable expression and incomplete penetrance that cannot be explained by genetic or environmental heterogeneity [4] . Axin1
Fu is a dominant gainof-function allele that has a 5.1-kb intracisternal-A particle (IAP) retrotransposon (subtype I1) inserted in an antisense direction in intron 6 of Axin1 [5] . The Axin1 gene regulates embryonic axis formation in vertebrates by inhibiting the WNT signaling pathway [6] . The characteristic Axin1
Fu phenotype consists of kinks in the tail caused by axial duplications during embryogenesis [6] . This phenotype is variably expressed among Axin1
Fu individuals, and this variable expressivity correlates with differential DNA methylation at a cryptic promoter within the long terminal repeat (LTR) sequence of the IAP inserted in intron 6 of Axin1 [2] . Further, the epigenetic state of Axin1
Fu can be inherited after either maternal or paternal transmission [2] . Consistent with the idea of transgenerational inheritance of epigenetic marks, Rakyan et al. [2] found that the methylation state of Axin1
Fu in mature sperm reflects the methylation state of the allele in the somatic tissue of the animal, suggesting it is not epigenetically reprogrammed during gametogenesis.
In prior studies, we showed that vitro culture (IVC) causes epigenetic defects in preimplantation embryos that can lead to abnormal development and long-term consequences in adult mice, including altered organ weights and abnormal behavior [7] [8] [9] . The culture of mouse embryos under suboptimal conditions gave rise to blastocysts with fewer cells than controls, and transcription defects were detected at the blastocyst stage related to epigenetic mechanisms [9] . Most significantly, when the progeny of IVC embryos were naturally mated, some of the adverse effects of zygote culture persisted in the next-generation offspring [10] . This observation indicates that the programming events triggered by the preimplantational embryo growth restrictions can continue into a subsequent generation. Some loci seem to be more sensitive to epigenetic perturbations than others, as is the case of the agouti viable yellow allele (A vy ). It has been reported that during the development of the preimplantational embryo, environmental factors can affect the postnatal expression of A vy , a locus that displays epigenetic inheritance [11] , indicating that the IVC of zygotes skews the epigenetic reprogramming of A vy in a manner that favors the active state of the epiallele. In mammals, epigenetic reprogramming occurs during mainly gamete development and during preimplantation embryo development such that epigenetic marks can be cleared and reset between generations. After fertilization, genomic DNA is first demethylated and then remethylated during preimplantation, this process finalizing at the blastocyst stage and hence in ES cells [12] . During germ cell development, epigenetic reprogramming of DNA methylation resets parent-of-origin-based genomic imprints and restores the pluripotency of gametes (; Embryonic Days 11.5-12.5). However, some regions, including IAP retrotransposon particles embedded within the host genome, remain methylated during embryogenesis and are resistant to demethylation during gametogenesis [13, 14] . Thus, it seems that some transgenerationally inherited epigenetic marks do not undergo epigenetic reprogramming during either gametogenesis or preimplantation development, though the chromatin marks that control this event remain unclear. The present study was designed to examine whether the epigenetically inherited allele Axin1
Fu is also especially sensitive to preimplantation development alterations induced by IVC and to identify the mark during early embryonic development responsible for generational epigenetic inheritance. Through the use of embryo culture conditions known to induce epigenetic changes in blastocysts as well as in the postnatal phenotype of the mouse [7] , we examined whether zygotes cultured to the blastocyst stage under optimal or suboptimal conditions caused a shift in the expression of both IAP elements and the specific Axin1 Fu epiallele in the resulting progeny compared to in vivo produced embryos. To identify the heritable mark, we determined the DNA methylation state of both IAP elements and the specific Axin1
Fu allele in sperm and blastocysts stage embryos along with some of the histone marks (H3K4 me2 and H3K9 acoften associated with active chromatin-and H3K9 me3 and H4K20 me3-generally associated with silent chromatin) present at the specific Axin1
Fu locus at the blastocyst stage. Our findings indicate that the epigenetic reprogramming during preimplantation development uses histone modifications marks to allow the transgenerational inheritance of both the Axin1 Fu epiallele and its modifications induced by IVC.
MATERIALS AND METHODS

Animals, Phenotypic Classification, and Embryo Production
Inbred 129/Rr Axin1 Fu /þ mice were obtained from the Jackson Laboratory. All mice used in this experiment were housed under controlled temperature conditions of 238C with a 14/10-h light/dark cycle and free access to water and food. All experimental procedures were conducted according to the guidelines of ethics established by the Federation of European Laboratory Animal Science Associations. One-cell embryos obtained from superovulated B6CBAF1 females mated with 129/Rr Axin1 Fu /þ males were cultured for 4 days in K þ -modified simplex optimized medium (KSOM) in the presence of 10% FCS (group A) or in the presence of 1 g/L BSA (control). Embryos reaching the blastocyst stage were transferred to CD1 pseudopregnant females or were frozen for subsequent analysis [15] . The number of blastocysts transferred to females when the embryos were cultured in KSOM was 10 yet was 15 when the embryos were cultured in KSOMþFCS (since the presence of FCS reduces the developmental potential of the embryo). The tail phenotype was designated as no visible kink (0), slight kinking (1) (a small kink forming an angle ,308 to the main tail axis), medium kinking (2) (one kink .308 but ,458), kinky (3) (more than one kink .458 but ,608), or very kinky (4) (several kinks .608). Mice were classified according to their tail phenotypes as penetrant (tails kinky or very kinky) or silent (no discernable kink or slight kinking). Offspring were genotyped by multiplex PCR of genomic DNA [2] .
DNA Methylation Analysis
DNA from pools of 10 mouse blastocysts, mature sperm, and tail tissue was extracted using standard proteinase K digestion and phenol-chloroform procedures [15] . Isolated DNA was treated with sodium bisulfite using the EZ DNA Methylation Kit (Zymo Research) according to the manufacturer's recommendations as previously described [16] . The PCR primers used are listed in Supplementary Table S1 (available at http://www.biolreprod.org). The nested PCR conditions used to amplify the specific IAP-LTR inserted in Axin1
Fu and IAP-LTR genome elements have been described elsewhere [2, 14] . The PCR cycle conditions were 948C/2 min followed by 35 cycles of 948C/30 sec, 588C/30 sec, and 728C/30 sec. One microliter of the products of the first PCR was then used in a seminested PCR to amplify a 386-base-pair (bp) fragment (containing 11 CpG dinucleotides spanning the IAP promoter and 3 CpG on intron 6) of Axin1
Fu or in a nested PCR that amplified a 255-bp fragment (containing 10 CpG dinucleotides spanning the IAP promoter) of the IAP-LTR elements. The PCR conditions were 35 cycles of 948C/30 sec, 628C/30 sec, and 728C/30 sec. Amplified products were subcloned into the pGEM-T Easy vector (Promega). For the clonal bisulfite sequencing, three independent PCR reactions were performed on bisulfite-treated DNA. In the three independent experiments, 10 to 15 randomly selected clones were sequenced using the M13 forward and M13 reverse primers for each gene. Positive clones with completed bisulfite conversion were verified by restriction analysis, and the products were sequenced using standard methods. Only clones with 100% of bisulfite conversion were quantified. Methylation percentages were obtained for each individual clone within a sample (number of methylated CpGs per clone divided by the total number of CpGs per clone). These were then used to calculate the overall methylation level and standard error of the mean for each sample. A logistic regression analysis implemented in the SigmaStat package was used to detect differences between samples. The level of significance was set at P , 0.05.
Chromatin Immunoprecipitation
Chromatin was examined by immunoprecipitation (ChIP) performed using the LowCell# ChIP kit (Diagenode) essentially as described earlier [17] . Pools of 200 mouse blastocysts (;10 000 cells) were used in each experiment. The antibodies (from Diagenode) used in this experiment were anti H3K4 me2 (CS-035-100), anti H3K9 me3 (pAB-013-050), anti H3K9 ac (pAC-ACHAHS-044), and anti H4K20 me3 (CS-057-050). Briefly, cells were fixed in 1% formaldehyde/20 mM sodium butyrate for 8 min, and fixation was stopped by adding 125 mM glycine for 5 min. Cross-linked cells were washed and lysed in 50 mM trisHCl, pH 8.0, 10 mM EDTA, 1% SDS, protease inhibitors and 20 mM butyrate. Aliquots of 200 ll were sonicated each for 16 3 30 sec, 0.5 cycles, 30% power using a Labsonic-M tip sonicator (Sartorius AG) to generate ;500-bp chromatin fragments. The lysate was sedimented, the supernatant collected, and chromatin concentration determined by A 260 . Chromatin in RIPA/butyrate was mixed with antibody-bead complexes overnight at 48C. Immune complexes were washed three times in RIPA and once in Tris-EDTA, pH 8.0. Cross-linking was reversed and DNA eluted for 2 h at 688C in 150 ll of 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 20 mM butyrate, 50 mM NaCl, 1% SDS, and 50 lg/ml proteinase K. The elution buffer was recovered, ChIP material was reextracted, and both supernatants were pooled. Another 200 ll of elution buffer were added to the eluted material, and DNA was purified by phenol-chloroform isoamylalcohol extraction and ethanol precipitation. As negative controls for the immunoprecipitation experiments, aliquots of soluble chromatin were processed in parallel without antibodies. Two independent ChIPs were run per experiment. Immunoprecipitated DNA was determined by triplicate qPCR [18] . The PCR primers are listed in Supplemental Table S1 . The PCR conditions were 948C for 3 min and 40 cycles of 958C for 20 sec, 608C for 30 sec, and 728C for 30 sec. The comparative CT method was used to quantify differences in real-time PCR [19] . The ChIP data are presented as means 6 SD percent precipitated DNA relative to input (nonprecipitated). We examined two repressive lysine methylation marks (H3K9 me3 and H4K20 me3) accumulating at pericentric and centric heterochromatin [20] and two lysine marks (H3K4 me2 and H3K9 ac) that are transient marks on transcriptionally permissive chromatin. Acetylation of these lysine residues is associated with gene activation [21] , and methylation of lysine 4 of histone H3 is representative of active chromatin [22] .
Effect of Culturing Preimplantation Embryos in the Presence of Trichostatin A on the Penetrance of the Tail Kink Phenotype
TSA (Sigma) was dissolved in DMSO and prepared as 2003 stock solutions, which were stored at À208C. Embryos at the zygote stages, two-cell, four-cell, and morulae were obtained from superovulated B6CBAF1 females mated with 129/Rr Axin1 Fu /þ males (with the silent phenotype), and they were cultured for 6 h in KSOM supplemented with 0 (control), 100 nM, or 500 nM of trichostatin A (TSA) for 6 h. After 6 h of culture, embryos were transferred to CD1 pseudopregnant females. Offspring were genotyped by multiplex PCR of genomic DNA [2] . Mice were classified according to their tail phenotypes as penetrant (kinky or very kinky) or silent (no visible kink or slightly kinky) as described previously. More than 30 mice genotyped for the presence of the Axin1
Fu were analyzed in each experimental group.
Statistics
P is the value from the chi-squared distribution for the statistic and the appropriate degrees of freedom. The effect of treatment on tail phenotype was HISTONE MODIFICATIONS MARK Axin1
Fu ALLELE analyzed by multinomial logistic regression (SigmaStat; Jandel Scientific). The numbers of pups showing the penetrant or silent phenotype in each litter were entered in the statistical model as covariates. For methylation analysis, a logistic regression test implemented in the SigmaStat software was used to test for differences between samples. mRNA expression data were also analyzed using the SigmaStat package. Chromatin immunoprecipitation data determined by quantitative RT-PCR were compared by one-way repeated-measures analysis of variance (followed by multiple pairwise comparisons by the Student-Newman-Keuls method). The level of significance was set at P , 0.05.
RESULTS
Inheritance of the Paternal Axin1
Fu Phenotype and Effect of IVC on Tail Kinks Figure 1 illustrates the variable penetrance of the tail kink phenotype, from unaffected to extremely kinked, observed in the Axin1
Fu mice. Hypermethylation of the Axin1 Fu allele silences expression from the cryptic promoter, preventing tail kinks (Fig. 1A) . In affected Axin1
Fu /þ mice, Axin1
Fu methylation correlates with expression of the 3 0 Axin1 transcript. The five tail kink groups showed significant methylation differences at the Axin1
Fu allele of the tail compared to each other, P , 0.05 (Fig. 1A) . However, we were unable to detect any given CpG site that was consistently unmethylated in penetrant mice or consistently methylated in silent mice ( Fig. 2A) .
To examine the inheritance of the Axin1 Fu phenotypes, Axin1 Fu /þ male and þ/þ female mice were mated to establish 52 breeder pairs (26 matings between wild-type females and males with the silent or penetrant phenotype), and all the pups weaned were analyzed. There were no differences in litter size 
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for the silent or penetrant males. Moreover, no significant deviation was observed from the expected 1:1 ratio of Axin1 Fu / þ:þ/þ pups, indicating no differential survival of embryos carrying the Axin1
Fu allele. Penetrant sires produced 81% penetrant and 19% silent offspring, whereas silent sires gave rise to 34% penetrant and 66% silent phenotype pups (Fig. 1B) . The significance of this difference (P , 0.05) indicates that the paternal Axin1
Fu phenotype correlates with the range of offspring tail phenotypes, confirming the finding that Axin1 Fu transgenerational epigenetic inheritance occurs after paternal transmission.
The Axin1 Fu progeny of zygotes IVC in the presence of FCS (97 pups from silent sires and 109 pups from penetrant sires) or absence of FCS (95 pups from silent and 114 pups from penetrant sires) were more likely to show tail kinks and more severe kinky tail phenotype than controls (blastocysts transferred without culture; 98 pups from silent and 102 from penetrant sires; Fig. 1C ). Since the tail kink phenotype correlates with the methylation state of the Axin1
Fu allele, our results indicate that the increased incidence of kinky tailed mice in the IVC group was a consequence of a change in the epigenetic state of the Axin1
Fu allele. No significant deviation from the expected 1:1 ratio of Axin1 Fu /þ:þ/þ pups was observed, indicating that the effect of IVC on the delivery of pups with a kinky tail could not be attributed to the improved survival of embryos of a given genotype or to the embryo transfer procedure.
Methylation State of the Axin1
Fu Allele in Mature Sperm and at Blastocyst Embryo Development By bisulfite sequencing, we addressed the methylation states of the 5 0 LTR region of the Axin1 Fu IAP and the 5 0 LTR sequences of the remaining IAP elements in the genome. Embryos were developed in vivo versus in vitro (KSOMþFCS) after their production using silent and penetrant Axin1
Fu /þ paternal phenotypes; the Axin1 Fu alleles were examined in blastocysts and in mature sperm. Five samples were analyzed at each time point, and 14 to 20 randomly selected clones per sample were sequenced. No CpG site was found to be consistently unmethylated in samples from penetrant sires or consistently methylated in silent mice ( Fig.  2A) . Neither did we detect heterogeneous methylation in different clones of the same time point sample. Logistical regression analysis of our results revealed that in blastocysts, the Axin1
Fu allele was completely demethylated in both the silent and the penetrant phenotypes. Axin1 Fu alleles of silent phenotype mice were heavily methylated in mature sperm. The Axin1
Fu allele of penetrant mice was relatively hypomethylated in mature sperm (49%). For both the silent and the penetrant parental phenotypes, IVC-as opposed to in vivo embryo production-led to a significantly lower methylation level of the Axin1
Fu allele in mature sperm, increasing the incidence of the kinky phenotype. The kinetics of IAP-LTR element methylation (each sequenced clone was assumed to have arisen from a separate element in the genome) was very different from that of the IAP-LTR of Axin1
Fu . IAPs were highly methylated in blastocysts both in vivo or in vitro produced (indicating that most IAP copies in the genome did not undergo active demethylation in the zygote [14] ). These observations suggest that the methylation profile of the IAP element inserted in some genes differs from that shown by other IAP elements spread throughout the genome that are not inserted into protein-coding genes.
ChIP Analysis of IAP LTR Elements Versus the Specific IAP LTR Element of the Axin1
Fu Allele in the Blastocyst
Given we had ruled out that methylation of the Axin1
Fu epiallele was not the transgenerational epigenetic mark at the blastocyst stage, we investigated whether certain histone marks (H3K4 me2 and H3K9 ac-often associated with active chromatin-and H3K9 me3 and H4K20 me3-generally associated with silent chromatin) could be related to the specific Axin1 Fu locus at the blastocyst stage and whether optimal or suboptimal IVC conditions could modify these marks. To this end, ChIP experiments were performed using specific antibodies and the immunoprecipitated DNA determined by quantitative real-time PCR. For each experiment, we used 200 pooled embryos (;10 000 cells). Preliminary experiments using ;1000 cells produced inconsistent results. To examine whether this specific Axin1
Fu locus behaves in the same manner as the rest of the IAP elements, we also analyzed the effects of enriching the IAP LTR sequence. Since IAP LTR sequences represent many individual IAP elements with LTR sequences matched by the primers, we normalized the ChIP data to correct for the difference in copy numbers between IAP elements and the Axin1
Fu locus [23] . Differences were noted at the blastocyst stage between the Axin1
Fu penetrant and silent locus for H3K4 me2 and H3K9 ac (Fig. 3A) , but no differences were found for the IAP LTR, indicating that these enrichments were specific to the Axin1 Fu locus (Fig. 3B) . IAP LTR elements were enriched in H3K9 me3 and H4K20 me3 marks. IVC in both optimal and suboptimal conditions affected the enrichment of H3K4 me2. Further, the presence of FCS in the media (suboptimal IVC) affects the enrichment of H3K9 me3 and H3K9 ac only at the Axin1 Fu penetrant locus. IVC affected the enrichment of H3K4 me2 and H3K9 me3 at IAP LTR elements, and the presence of FCS significantly reduced the enrichment of H3K9 me3 and H4K20 me3 in the IAP LTR elements (Fig. 3B ).
TSA Treatment of Preimplantation Embryos Affects Penetrance of the Tail Kink Phenotype Among Axin1
Fu Mice
To determine whether histone acetylation of the Axin1
Fu allele could contribute to the formation of a chromatin structure whose expression preferentially confers the kinky tail phenotype, we looked at the effects of inducing histone hyperacetylation using TSA. This treatment prevents histone deacetylation, particularly H3H9ac, and consequently any pups derived from these embryos might show an incidence of kinked tails that is increased over those of pups derived from embryos not subjected to TSA treatment. The results of these experiments are shown in Figure 4 . In a preliminary experiment, we determined that 6 h of 500 nM TSA treatment at all the developmental stages analyzed blocked embryo development. When used at 100 nM, 6 h of TSA treatment of two-cell embryos (stage of activation of the embryo genome) reduced the rate and speed of embryo development as well as the pregnancy success rate. The same treatment used on onecell, eight-cell, or morula embryos did not affect progression to the blastocysts stage but did reduce fetal development. For this reason, we analyzed only the effect at the zygote, four-cell, and morulae stage of 100 nM of TSA. By reimplanting the TSAtreated embryos, we then determined whether the induced acetylation changes affected the tail kink phenotype of the Axin1 Fu mice. TSA treatment at the zygote, eight-cell, and morula stage produced an increased kinky tail phenotype (Fig.  4) . This effect was stage specific, and a greater effect of treatment was produced at the one-cell stage compared to the eight-cell or morula stage.
DISCUSSION
To date, it remains unclear how histone modifications could affect the embryo response to in vitro or in vivo extracellular signals or whether these modifications act as determinants of transgenerational epigenetic heritability. The small number of cells available in preimplantation embryos has prevented any quantitative analysis of histone modifications. Here, we describe the use of a sensitive microChIP technique to determine levels of histone modification at the Axin1 Fu
FIG. 3. Histone modifications examined by ChIP followed by quantitative PCR in the Axin1
Fu allele (A) and in e IAP LTR sequences (B) of the chromatin of blastocysts produced by natural mating of Axin1 Fu /þ males and female wild types cultured under different conditions. Purified DNA from enriched chromatin fragments was amplified by quantitative PCR using specific primers (Supplemental Table S1 ). Values indicated as percentage precipitation relative to the input are the average of the results of two independent ChIP experiments. Error bars represent mean 6 SD. Bars with different lowercase letters are significantly different (P , 0.05).
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FERNANDEZ-GONZALEZ ET AL. metastable epiallele in blastocyst-stage embryos. To explore responses to environmental signals, we used in vitro cultured embryos from the zygote to blastocyst stage and then examined histone modifications at the Axin1 Fu locus induced by IVC in blastocysts. We observed that the IVC of mouse embryos leads to a more severe phenotype in the Axin1
Fu model and that the molecular mechanism at the blastocyst stage that allows this epigenetic phenotype to be transmitted through the subsequent generations is not DNA methylation. In effect, DNA methylation of LTR sequences of the IAP at the Axin1
Fu allele was completely erased at the blastocyst stage, and we observed that specific histone marks (H3K4 me2 and H3K9 ac) rather than DNA methylation were the inherited epigenetic marks required for preimplantation reprogramming. Our results indicate that transgenerational epigenetic inheritance of Axin1
Fu -specific histone marks are essential during preimplantation embryo development, when the Axin1 Fu allele is completely demethylated. Because the regulation of DNA methylated in transgenerational epigenetic inheritance of Axin1
Fu is strain specific [2] , the results presented here suggested that like B6, B6CBAF1 erases DNA methylation at this locus and hence does not use DNA methylation transgenerationally. This observation agrees with the rationale that histone modifications may serve as heritable marks in the absence of DNA methylation.
The reprogramming of DNA methylation and histone modifications during preimplantation development is linked to gene regulation and genome stability, especially differential DNA methylation associated with imprinted gene expression [12] or with retrotransposon-regulated gene expression [24] . We discovered that the IVC of zygotes perturbs the epigenetic reprogramming of Axin1
Fu by causing a shift toward the active state of the epialleles. Similar results have been reported for the A vy allele [11] . Collectively, our results suggest that such effects of IVC are likely to affect metastable epialleles in general. Apart from the effect of IVC on gene expression, the epigenetic risks of IVC have also been examined, particularly the aberrant expression of imprinting genes [7, 25, 26] . Metastable epialleles represent a separate class of loci presumably under mechanisms of regulation different from those controlling imprinted genes. The epigenetic nature of DNA methylation of imprinted genes for postnatal programming is thought to be the indirect result of perturbed placental function [27, 28] , and some apparently protected status of the fetus from loss of imprinting has been postulated. In a similar way to some imprinted genes whose DNA methylation and histone methylation of regulatory regions may be affected by IVC [29] , we demonstrate here for the first time that IVC affects the postnatal expression of this epigenetically sensitive allele through histone modifications at a specific locus (Axin1 Fu ) during preimplantation development. Moreover, IVC affects the histone marks of other IAP LTR elements. In a recent study, it has been shown that IVC does not significantly alter the ratio of cells in the ICM and TE; however, IVC alters the expression of genes related to epigenetic processes [9] -such as the protein arginine NmethyLTRsansferase 2 (PRMT2), which interacts with histone deacetylases (HDACs); the chromatin remodeling complex (SWI/SNF); lysine methyl transferase (SUV39H1); and DNA methyltransferase (DNMT1)-to regulate the activity of transcription factors [30] . It has been also reported that IVC affects the mRNA expression of histone-associated genes in preimplantation bovine embryos [19, 31] . We have also observed that IVC effects on the expression of IAPs at the blastocyst stage (unpublished data). In a previous study, we used a list of murine IAP elements that were similar to or perfectly matched Affymetrix MOE 430 2.0 probe sets [32] to detect differences in microarray data reflecting differences in gene expression induced by IVC [9] and observed that three out of six probes analyzed were intensely up-regulated in IVC (KSOM and KSOMþFCS). The subacute nature of some of these aberrant embryo modifications induced by IVC means that many of these changes are undetected in the short term, and the development to blastocyst stage, a hallmark of IVC system efficiency, can often be achieved despite detrimental environmental effects and the longer-term consequences of IVC [7, 33, 34] .
During preimplantation development, IAP-LTRs seem to be resistant to demethylation in a similar manner to imprinted genes [14] . However, we noted that the IAP-LTR of the Axin1
Fu allele was completely demethylated at the blastocyst stage. We cannot eliminate the possibility that a single methyl group in other critical positions could be an important mark. However, it has been also reported that the A vy allele is demethylated in preimplantation embryos in a similar way to the maternal and paternal nonimprinted genes [35] . Using the new microChIP technology that allows analysis of a specific locus in a very small number of cells, we found that specific histone modifications play a role in the epigenetic inheritance of the Axin1 Fu allele and that IVC affects the enrichment extent of these specific histone modifications. Hence, penetrant and silent alleles of the Axin1
Fu locus were differentially modified by H3K4 me2 and H3K9 ac. However, H3K9 me3 and H4K20 me3 modifications were present on the IAP LTR elements but were absent or showed no differences between the penetrant and the silent allele of the Axin1
Fu locus, indicating that the control mechanism of this locus at the blastocyst stage does not follow that shown by interspersed IAP LTR elements. These results are consistent with the idea that histone modifications associated with expressed and silent genes are mutually exclusive and restricted to discrete regions [36] . At the blastocyst stage, the Axin1
Fu locus and IAP LTR elements are regulated by different events. Thus, IAP LTR elements are silenced by a combination of DNA methylation and H3K9 me3 and H4K20 me3 marks, whereas the expression of the Axin1 Fu locus is silenced by H3K4 me2 and H3K9 ac marks. A similar behavior of H3K9 me3 and H4K20 me3 marks in IAP LTRs has been reported [37, 38] . Interestingly, after a reduction in DNA methylation of IAP elements, these elements remain transcriptionally inactive [39] . This confirms the existence of a DNA methylation-independent silencing pathway [40] that serves to minimize proviral expression during the stages of embryonic development when DNA methylation levels are relatively low, such as following fertilization or in the developing germ line. Penetrant and silent alleles of the Axin1 Fu locus do not differ in their H3K9 me3 and H4K20 me3 marks; both are completely demethylated. However, only the penetrant is enriched in H3K4 me2 and H3K9 ac, indicating a positive mechanism of expression control. This is particularly interesting since H3K4 methylation is a modification usually restricted to promoter regions [41] . A similar behavior has been ascribed to imprinting control regions [42] . Also, in spermatogenic cells, H3K4 me2 and H3K9 ac are thought to prevent the DNA-methylation of chromatin [42] . Moreover, cross talk between H3 acetylation and H3K4 methylation could lead to a constantly increased steady-state level of histone acetylation in response to a transient preimplantation signal [43] .
TSA is a broad-spectrum inhibitor of class I and class II histone deacetylases and also leads to increased mono-, di-, and tri-methylation of H3K4 but not other methylatable histone lysines [44] . To obtain functional ChIP data, we tested the effects of treating the embryos with TSA on the tail kink phenotype. TSA treatment of zygote, eight-cell, and morula stage embryos led to an increased incidence of the kinky tail phenotype, confirming our ChIP results and indicating that a change in the histone modification level induced by an environmental agent can be heritable.
We show here that the IVC of mouse embryos modifies reprogramming in a manner that favors the active state of the Axin1 Fu epiallele and that these epigenetic alterations are transmitted to the next generation. We suggest that histone modifications provide a labile mark at the blastocyst stage for the transgenerational inheritance of the epigenetic Axin1 Fu allele that can be altered by suboptimal IVC conditions. During subsequent early postimplantation, this mark will help direct DNA methylation patterns toward a highly stable silent/ penetrant mark that may not be reversed during germ cell development and may therefore be transmitted to the next generation. We do not know how widely the mechanisms involved in the regulation of Axin1
Fu allele are used throughout the rest of the genome. However, the epigenetic labile element within the Axin1
Fu allele is a stable transposable element, and such elements represent up to 40%-45% of the mouse and human genomes [45] . Many of these new alleles produced by the insertion of a transposable element are expressed during preimplantation development [24] . Given the conservation during evolution of epigenetic mechanisms between mice and humans, it is likely that similar mechanisms of metastable epialleles will act in humans. Indeed, 30% of all CAGE tags derived from human embryonic tissues have been associated with repetitive elements (16% retrotransposons) [46] . Our results point to the notion that changes in the epigenetic state of the genome can be induced early in development by the environmental conditions and that such changes can have consequences for both gene expression in adulthood [47, 48] and the inheritance of epigenetic phenotypes.
